Although the viscosity of aqueous solution of high methoxyl pectin is known to increase drastically when sugars coexist, the detailed mechanism for the increase in viscosity was not fully understood. Therefore, the viscosity of citrus and apple pectin solutions with various sugars compositions was measured with temperature varying from 5 to 40℃ to analyze the intermolecular interactions among pectin molecules. For single-composition pectin solutions, the activation energy for viscosity, E a , increased from 17.5 to 31.9 kJ/mol with an increase in pectin concentration up to 2% for the case of citrus pectin, reflecting the increase in pectin-pectin interaction. For pectin solutions with coexisting sugars, E a increased more with increasing sugar concentration. When compared at the same water activity, the increase in E a is also dependent on the type of sugar. Sugars with stronger solvent-ordering activity produced greater increases in E a . These results suggest that sugars increase the pectin-pectin interaction both through their own hydration effect, which enhances the hydrogen bonding among pectin molecules, and through the solventordering effect to enhance the hydrophobic interaction.
Introduction
Pectin is a hydrocolloid predominantly comprising galacturonic acid and its methyl ester form, and it has been frequently utilized in food applications including as a gelling agent and thickener (Thakur et al., 1997) . Physical properties of pectin solutions depend on the molecular size of pectin molecules (Ishihara, 1992) , the degree of methoxylation (Pippen et al., 1953; Oakenfull and Scott, 1984) , the degree of dissociation of carboxylic groups (Michel et al., 1982) , substituents of the carboxyl groups (Axelos and Thibault, 1991) , and the rhamnose content in the pectin molecule (Axelos and Thibault, 1991) . In addition, the solvent properties characterized by pH, ionic strength, and the solvent-ordering also play important roles in determining the physical properties of pectin solutions (Pippen et al., 1953; Oakenfull and Scott, 1984; Chen and Joslyn, 1967; Sato et al., 2004) .
When methoxyl content is low, the solution property of pectin is dependent on the ionic linkages via carboxyl groups belonging to different chains to form a structure resembling an egg-box (Thakur et al., 1997) . When methoxyl content is high, the solution properties of pectin are known to be strongly affected by the coexistence of sugars (Chen and Joslyn, 1967; Crandall and Wicker, 1986; Kar and Arslan, 1999a; Bulone et al., 2002; Fishman et al., 2004; Sato et al., 2004) . However, the detailed mechanism of the effect of sugars has been not fully understood.
In this paper, the viscosity of pectin solutions with various sugars is systematically measured by changing sugar concentration and temperature. The activation energy for viscosity was obtained at various conditions to analyze the intermolecular interactions among pectin molecules.
Materials and Methods
Materials Glucose and sucrose were obtained from Nacalai Tesque, Co. (Kyoto, Japan), mannose and maltose from Wako Chemical Industries (Osaka, Japan), trehalose from Tokyo Kasei Organic Chemicals (Tokyo, Japan), and ribose from Sigma (St. Louis, MO, USA). For all the sugars, the water content was analyzed by drying in oven at 110-120℃ to accurately calculate the sugar concentration.
Pectins from citrus and apple fruits were purchased from Sigma. According to the technical data attached, the galacturonic acid and metoxyl content for the citrus pectin were 79.5% and 8.1% (DM, degree of esterification = 57.9%), respectively. For the apple pectin, these were measured to be 79.0% and 8.7% (DM=62.1%), respectively (Sato et al., 2004) . These pectins are classified as high-methoxyl pectins (Glenn, 1953) . All the other reagents used were of reagent grade and were used without further purification.
Measurement of water activity For sugar solutions, water activity (Aw) is expected to be described by the following equation (Kozak et al., 1968) :
where X S is the molar fraction of solute and the parameter α is an experimentally determined constant, which represents the aqueous solvent-ordering (Miyawaki et al., 1997) . The parameter α for sugars are -1.699, -1.929, -2.734, -7.405, -8.775, and -9.549 for ribose, mannose, glucose, sucrose, trehalose, and maltose, respectively (Miyawaki et al., 1997; Sato et al., 2004) . When pectin coexisted with sugar, the effect of pectin coexistence on A w was neglected because of the much lower molar concentration of pectin compared with sugars so that the A W value without pectin was employed. Average molecular weight of pectin is reported to be over 10 5 daltons using high-performance size exclusion chromatography (Howard, 1980) . However, when the determining the precise effect of the coexistence of pectin was necessary, A W was measured by a water activity meter (Aqua Lab CX-3, AINEX, Tokyo, Japan) at 25℃. Viscosity measurement for pectin solutions Pectin powder was suspended and dissolved to be 2% in distilled water containing various concentration of sugars at 50℃. The sample was kept overnight at 50℃ until use. Then, 7 mL of the sample solution was poured into the sample cell, and the apparent viscosity was measured by a rotational viscometer (B8L, Tokimec, Tokyo, Japan) with rotational speed varying from 0.5 to 100 rpm. Because of the shear-thinning property of the pectin solution sample (Marcotte et al., 2001) , the apparent viscosity decreased with an increase in the rotational speed, then stabilized in the rotational speed range typically higher than 30 rpm (apparent shear rate=39.69 s -1 ).
For sugar solutions without pectin, the dynamic viscosity was measured by Cannon-Fenske viscometer (Shibata, Tokyo, Japan) since Newtonian flow is expected in this case. The viscosity was calculated from the dynamic viscosity and the density measured by a specific gravity meter (DA-130, Kyoto Electronics, Kyoto, Japan).
Results and Discussion
Activation energy for viscosity of sugar solutions Figure  1 shows the effect of A W on the viscosity of sugar solutions at 25℃, η L , which could be described well by the following 2nd order polynomial of Aw.
where η W is the viscosity of pure water, a represents the Einstein's volumetric effect of solute and its hydration (Herskovits and Kelly, 1973) , and b represents the nonlinear term. Table 1 lists the experimental constants a and b along with η W for various sugar solutions at various temperatures, which show good applicability of Eq. (2) to all the sugar solutions tested here. From η W , a, and b in Table 1 , the temperature dependence of η L could be calculated at various temperatures at fixed Aw, which is expected to be described by an Arrhenius-type equation (Scott Blair, 1953; Kar and Arslan, 1999b) as follows:
where η 0 is a pre-exponential factor (mPa·s), Ea is the activation energy for viscosity (kJ/mol), R is the gas constant (=8.3145 J/mol/K), and T is the absolute temperature (K). According to Eq. (3), the logarithm of η L showed a strong linear relationship to the inverse of absolute temperature (1/T ), as shown in Figure 2 . From the slope of Figure 2 , Ea was calculated. Results are listed in Table 2 for various sugar solutions at various A w . The E a slightly increased with a decrease in A w and was higher for solutions with disaccharides than those with monosaccharides. In a sugar solution, there are three different intermolecular interactions: (1) water-water, (2) water-sugar, and (3) sugar-sugar. Among these, the sugar-sugar interaction would be weak for the following reason. For sugar solutions, Aw was described by Eq. (1), from which the activity coefficient of water, γ W , is calculated to be exp(αXs 2 ). As the parameter α is negative, as reported before (Miyawaki et al., 1997) , γ W is less than unity, which suggests that the sugar-sugar interaction is negative. If the sugar-sugar interaction is positive, γ W should be larger than unity (Kozak et al., 1968; Lilley, 1994) . This means that the direct sugar-sugar interaction is negligible in sugar solutions so that a slight increase in E A with a decrease in Aw might be attributed to the sugar-water interaction: hydration of sugar. Figure 3 shows the effects of temperature and concentration on the viscosity of the citrus pectin solution, η H . Also in this case, Eq. (3) was applicable so that the logarithm of η H showed linear dependence on 1/T, and the activation energy of viscosity, E a , could be determined from the slope. E a increased from 17.5 to 31.9 kJ/mol with an increase in pectin concentration up to 2.0%, as shown in Figure 4 . Kar and Arslan (1999b) reported E a ranging from 19.6 to 27.2 kJ/mol for the viscosity of orange peel pectin in concentrations ranging from 0.25 to 2.0%. Marcotte et al. (2001) obtained E a for viscosity of pectin ranging from 19.6 to 22.7 kJ/mol in pectin concentrations ranging from 1 to 5%. Figure 4 also shows that the viscosity of pectin solution increases exponentially with an increase in pectin concentration showing corresponding changes in the increase of pectin-pectin interaction. With an increase in pectin concentration, the effect of water-pectin interaction increases, but this effect is linearly proportional to the pectin concentration. The pectin-pectin interaction, however, increases proportionally to the square of pectin concentration so that an increase in E a with an increase in pectin concentration should be attributed to the increase in the pectin-pectin interaction comprising hydrogen-bonding and hydrophobic interaction for highmethoxyl pectins (Oakenfull and Scott, 1984; Crandall and Wicker, 1986; Oakenfull, 1991) . Oakenfull and Scott (1984) quantitatively evaluated the contributions of the hydrogenbonding and hydrophobic interactions to the pectin-pectin interaction in the gelation process of high-methoxyl pectin. They reported that the contributions of the hydrogen-bonding and the hydrophobic interaction are -37.5 and -18.6 kJ/mol, respectively, both of which are necessary to overcome the entropy equivalent (+41.1 kJ/mol) for the configuration change of the pectin molecule. Figure 5 shows the effect of the coexistence of sugars on the viscosity, η HL , of 2% citrus pectin solutions. With an increase in sugar concentration, the viscosity of pectin solution drastically increased. The extent of viscosity increase is also dependent on the type of sugar.
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Sugar with stronger solvent-ordering activity was reported to more greatly increase the viscosity (Sato and Miyawaki, 2000; Sato et al., 2004) . The dependence of η HL on A W could be described by the similar equation with Eq. (2) as follows:
where η H , a', and b' are experimentally determined constants. Although η H should be a universal constant, theoretically, as was the case for η W in Eq. (2), the actual value of η H was slightly different among experiments. Table 3 lists these constants for 2% citrus pectin solutions with various sugars at various concentrations with varied temperature, showing good applicability of Eq. (4) with good correlation coefficients. For η HL , Eq. (3) was also applicable so that the logarithm of η HL was plotted against 1/T in Figure 6 (A W = 0.985), showing a good linear relationship. From the slope of this plot, E a was obtained and listed in Table 4 for 2% solutions of citrus and apple pectin with various sugars at various A W .
From Table 4 , Ea for viscosity of 2% citrus and apple pectin solutions without sugar are 31.9 and 27.4 kJ/mol, respectively. These values are much higher than that for pure water (17.5 kJ/mol) because of the pectin-pectin interaction, which has higher activation energy than water-water interaction, as described previously. When sugars coexist, the activation energy for the viscosity of pectin solutions increased more for an increase in sugar concentration. This increase in Ea was dependent both on the A W and the type of sugars. When compared at the same A W , Ea was much higher for disaccharide solutions than those of monosaccharide. (4) * for viscosity of 2% citrus pectin solutions with sugars as a function of water activity (monosaccharides). In the aqueous pectin solution with sugar, six intermolecular interactions are expected to exist: (1) water-water, (2) water-sugar, (3) sugar-sugar, (4) water-pectin, (5) sugarpectin, and (6) pectin-pectin. The activation energy for the former two was small, as shown in Table 2 , and the contribution of sugar-sugar interaction would not be as important as previously discussed. Therefore, the latter three interactions will be considered here.
In pectin solutions, the pectin-pectin interaction is more important than water-pectin interaction when the pectin concentration is high as was described before. As for the effect of sugars, Chen and Joslyn (1967) explained the viscosityenhancing property of sugar by the dehydration and the hydrogen-bonding-formation activity that enhances the aggregation among pectin molecules. Kar and Arsln (1999a) attributed the viscosity-enhancing effect of sugars to the decrease in dielectric constant, dehydration action, and hydrogen bonding formation. Bulone et al. (2002) investigated the role of sucrose in pectin gelation by static and dynamic light scattering and reported that the apparent gyration radius of the pectin molecule slightly increased with sucrose concentration. Fishman et al. (2004) applied atomic force microscopy to observe nanostructure of native pectin sugar acid gel and concluded that sugars strongly adsorb on pectin with the ratio of bound sugar to pectin in excess of 100 to 1 (w/w).
We tried to measure the sugar-pectin interaction directly by the measurement and comparison of A W of sugar solution with and without pectin. The A W values for 30% sucrose solutions without and with 2% citrus pectin were 0.975 and 0.971, respectively. This insignificant difference between the two strongly suggests that the direct interaction between sugar and pectin is weak. In other cases, A W of sugar solution should increase with the coexistence of pectin due to the decrease in the number of sugar molecules through the adsorption on pectin (Fishman et al., 2004 ) if a strong sugar-pectin interaction exists (Kozak et al., 1968; Lilley, 1994) .
Thus the rapid increase in viscosity of pectin solution with the addition of sugars in Figure 5 is ascribed to the increase in pectin-pectin interaction, which has higher activation energy than the other interactions. This explains the increase in Ea for the viscosity of pectin solutions with an increase in sugar concentration in Table 4 . When sugars coexist, sugars are strongly competitive in hydration with pectin molecules so that the amount of hydration of pectin will be reduced to increase the pectin-pectin interaction, which is responsible for the increase in Ea with a decrease in A W shown in Table 4 . This trend is, as shown in Figure 7 , more obvious for disaccharides than for monosaccharides because of the higher solvent-ordering activity for the former.
As was reported by Oakenfull and Scott (1984) , pectinpectin interaction comprises hydrogen bonding and hydrophobic interaction. For comparison at the same A w , the effect of hydrogen bonding would be similar among different sugars so that different effects on pectin-pectin interactions among sugars should be responsible for the different effects on the hydrophobic interaction through differences in the solvent-ordering activity (Sato et al., 2004) . 
